The association between adverse childhood experiences (ACEs) and pubertal timing has been a topic of enduring controversy. A systematic search of PubMed and Web of Science databases was undertaken to quantify the magnitude of total and specific forms of ACEs effects on early pubertal timing among girls. Our search identified 3280 records, of which 43 studies with 46 independent data sets met inclusion criteria. We estimated pooled effect sizes (Cohen's ds) for the association between ACEs with early pubertal timing. Total ACEs was not associated with early pubertal timing. When we examined the specific types of ACEs, associations were small to medium for father absence (d = −0.40, 95% confidence interval [CI]: −0.63, −0.16) and small for sexual abuse (d = −0.13, CI: −0.17, −0.10) and family dysfunction (d = −0.08, CI: −0.11, −0.02). We identified considerable heterogeneity between estimates for almost all of the outcomes. ACEs exposure may affect female reproductive reproduction, particularly father absence, sexual abuse, and family dysfunction. We propose that future research in this area test a theoretical model linking adversity with earlier reproductive strategy, which includes early pubertal timing as a core component linking early adversity and stress physiology with poor health outcomes later in life in females.
Introduction
The onset of puberty is pivotal for human growth and development [1] . However, among developed nations, there has been a secular trend of early pubertal timing over the past century, and in recent years, also in developing countries [2, 3] . Early pubertal timing has been recognized as a risk factor for adverse health outcomes in adulthood including obesity, hyperinsulinemia, type-2 diabetes, hypertension, coronary heart disease, depression and early mortality [4] [5] [6] [7] [8] . Multiple inter-related social and environmental factors have been found to significantly influence pubertal timing, including nutrition and obesity, genetic factors, and general health status, race, and familial socioeconomic status (SES) [9] .
Adverse childhood experiences (ACEs), defined as experiences that threaten the child's bodily, familial, or social safety or security, classically include maltreatment and household dysfunction to more targeted experiences of bullying, exposure to crime, victimization, and economic disadvantage [10] . For the purposes of this meta-analysis, ACEs were defined as exposure to at least one significant form of the following childhood adversities: before the age of 18 years: physical abuse, sexual abuse, neglect (failure to provide and failure to supervise physically or emotionally), family dysfunction (parental death or serious illness, parental separation or divorce, parental incarceration, parental substance abuse, domestic violence, mental illness), low SES, and father absence (separation or divorce of the birth parents followed by absence of the birth father from the home). search from 1980 up to 2018 was performed on PubMed and Web of Science using the following search themes: ("ACE", "ACEs", "adverse childhood experiences", "adverse childhood events", "childhood maltreatment", "child maltreatment", "childhood adversity", "child adversity", "childhood adversities", "child adversities", "early adversity", "early adversities", "childhood physical abuse", "child physical abuse", "physical abuse", "childhood sexual abuse", "child sexual abuse", "sexual abuse", "childhood neglect", "child neglect", "childhood physical neglect", "child physical neglect", "physical neglect", "child abuse", "childhood abuse"; "child emotional abuse", "childhood emotional abuse", "emotional abuse", "child emotional neglect", "childhood emotional neglect", "child trauma", "childhood trauma", "emotional neglect", "parental incapacities", "family incapacities", "adverse family experiences", "adverse family events", "trauma", "poverty"; "socioeconomic status", "parental loss", "adversity", "early life stress", "bullying") combined with pubertal timing related search terms ("puberty", "pubertal status", "early puberty", "early pubertal timing", "age of menarche", "early age of menarche", "early maturation", "pubertal timing"). In addition, we searched the bibliographies of the articles found on the subject [14, 23] . The present analysis focused on childhood sexual abuse, physical abuse, neglect, father absence, low SES, family dysfunction. All the included studies were published in English and from peer-reviewed journals.
Inclusion Criteria and Exclusion Criteria
Selection criteria for the meta-analysis included articles exploring the association between ACEs and early pubertal timing. We excluded review articles, editorials, commentaries, and animal studies. The life history theory to pubertal timing pivots around the trade-off between the allocation of resources to physical growth versus production of offspring, which is particularly relevant to females. It has been applied more broadly and successfully to the question of female rather than male pubertal timing. In addition, there is a clear and easily assessed marker of female but not male pubertal timing: age at menarche [17] . Given the theoretical and empirical reasons, we included female participants only.
The majority of studies utilized age at menarche, Tanner staging scores, Pubertal Development Scale (PDS) and relative perceived timing questions to the evaluation of pubertal developmental. For studies using age at menarche, menarche occurring before the age of 11 years was considered as early pubertal timing, while after the age of 14 years as delayed pubertal timing. For those studies only reporting the correlation between ACEs with age at menarche, negative direction suggested that ACEs was associated with early pubertal timing. For studies using Tanner staging and the PDS, pubertal timing was then examined such that early pubertal timing were adolescents who scored two standard deviations above the mean and late pubertal timing were two standard deviations below the mean. Some studies also trichotomized pubertal timing groups, such that one standard deviation above the mean was categorized as early. Some studies used a single self-report item to assess relative perceived timing of puberty. Generally, this item was stated as follows "Compared with other boys/girls your age, would you say your physical development has developed 'much earlier,' 'somewhat earlier,' 'about the same,' 'somewhat later,' or 'much later' than other boys or girls your age?" Due to the considerable variation in the measurement method of pubertal timing, subgroup analysis was performed to examine significant sources of this heterogeneity [24] .
Risk of Bias Assessment
Two reviewers independently assessed the methodology quality of included cohort studies using the Newcastle-Ottawa Scale (NOS) (range, 0 to 9 scores) [25] . Assessment items included the selection (four items, four scores), comparability (one item, two scores), and assessment of outcome (three items, three scores). Studies are then stratified by score: low quality (scored 0-3), medium quality (scored 4-6), and high quality (scored 7-9). The cross-sectional study quality was assessed using the Agency for Healthcare Research and Quality guidelines [26] . Studies are then stratified by score: low quality (scored 0-3), medium quality (scored 4-7), and high quality (scored [8] [9] [10] [11] . The third reviewer was involved when any disagreements existed. The quality scores did not affect studies for inclusion but were considered when performing sensitivity analysis and interpreting our research results.
Data Screening and Extraction
After duplicate citations were removed, two reviewers independently screened the titles and abstracts to identify potentially relevant citations. Then the potentially eligible studies were then screened again by full texts. The pre-designed criteria mentioned above were used to guide the entire process of screening. Subsequently, the following data were extracted from all the included studies using a pre-designed extraction form by two reviewers: (1) general information, including authors, publication year, (2) study design and specific types of ACE, (3) sample size, (4) the measure of ACEs, (5) the measure of early pubertal timing. The third reviewer was involved when any disagreements existed.
Effect Size Computation and Statistical Analyses
All analyses were carried out using the meta-analysis commands of Stata 11.0. For each study, we computed an effect size Cohen's d [27] using the effect size calculator [28] for the association between ACEs and early pubertal timing. Cohen's guidelines [27] were used to interpret effect sizes such that effects sizes of ds = 0.20 were considered small, ds = 0.50 were considered moderate, and ds = 0.80 were considered large. If correlations (r) or odds ratios (OR) were reported, they were converted to Cohen's d using the formulas d = 2r/(1 − r 2 ) 1/2 [29] or d = 3 1/2 /πlog (OR) [30] , respectively. To examine the global association between ACEs and early pubertal timing, a meta-analysis was carried out on the effects extracted from studies providing a summary measure of exposure to ACEs [31] . Unadjusted values were calculated in the program, thus avoiding biases that may have arisen from adjustments to different confounders done in each study. Heterogeneity was calculated using the Q test and I 2 statistic and the values of I 2 metric 25%, 50%, and 75% were considered as low, medium, and high heterogeneity [32] . The effect of specific types of ACEs (i.e., sexual abuse, physical abuse, neglect, father absence, low SES, family dysfunction) were tested in this meta-analysis. Due to the large overlap, these analyses were treated as independent research syntheses and no attempt was made to statistically compare these effects using meta-regression or subgroup analyses. We did sensitivity analyses by excluding outlying studies. We explored risk of publication bias using the Egger tests when sufficient studies were included in the meta-analysis (at least 10 samples).
Planned meta-regressions and subgroup analyses were conducted to explore possible sources of heterogeneity. We did univariate analyses to test the individual association of the covariates (sample size, publication year) with pooled estimates. Subgroups were delineated using the following criteria: ACEs measure (questionnaire, interview, and combination), pubertal timing measure (age at menarche, number of early menarches, PDS, Tanner stage), original variable type (categorical, continuous and others), as well as study design (cross-sectional and longitudinal).
Results

Search Results
As illustrated in Figure 1 , after duplicates removed, the search strategy resulted in 3002 records, of which 2767 were excluded following title and abstract, and a further 193 were excluded following review of the full text, 42 studies with 45 independent data sets met full inclusion criteria. Table 1 summarizes the characteristics of the eligible studies. 26 articles used data from cross-sectional studies and 16 used data from longitudinal studies. Figure 2 shows the association between total ACEs (n = 35) and early pubertal timing, with an effect of Cohen's d: −0.04 (95% CI: −0.14, 0.06). The Q and I 2 tests indicated that the association between total ACEs and early pubertal timing was statistically heterogeneous (I 2 = 99%, p < 0.001), subgroup analyses were performed to examine significant sources of this heterogeneity. Egger's test (B = 2.21, SE = 2.17, p = 0.32) showed no evidence of substantial publication bias. We examined possible changes in the effects by omitting one study at a time in the analysis but did not find any meaningful changes. Analyzing all studies except Tahirović HF et al. [61] on account of its indefinite type of ACEs, we obtained a significant results with an effect of Cohen's d: −0.09 (95% CI: −0.17, −0.01), but the heterogeneity was still considerable (I 2 = 98.3%, p < 0.001). We excluded Alvergne et al. [36] , which had a huge outlier value, from the analysis. Using the random effect model, we got a pooled Cohen's d: 0.04 (95% CI: −0.05, 0.14), suggesting that the association between total ACEs and delay puberty was still small and not significant. 
Association between Total ACEs and Early Pubertal Timing
Associations between Specific Types of ACEs and Early Pubertal Timing
The pooled effect size of specific types of ACEs are presented in Table 2 . Influence analyses were performed on each type of adversities, we did not find any meaningful changes. We found that the effect for sexual abuse (Cohen's d −0.14 (95% CI −0.18, −0.11), I 2 = 72.4, p < 0.001) and family dysfunction (Cohen's d −0.08 (95% CI −0.11, −0.04), I 2 = 66.9, p = 0.001) was small, while father absence (Cohen's d −0.40 (95% CI −0.63, −0.16), I 2 = 98.2, p < 0.001) was between small to medium. When we excluded Alvergne et al. [36] , the effect size of father absence was reduced by nearly half (Cohen's d −0.19 (95% CI −0.27, −0.11), I 2 = 83.2, p < 0.001). We did not observe significant associations in other types of ACEs, or across total ACEs. Except for physical abuse, neglect and low SES, the association between ACEs and early pubertal timing was small but significant, and the pooled effect size was highest for father absence and the 
The pooled effect size of specific types of ACEs are presented in Table 2 . Influence analyses were performed on each type of adversities, we did not find any meaningful changes. We found that the effect for sexual abuse (Cohen's d −0.14 (95% CI −0.18, −0.11), I 2 = 72.4, p < 0.001) and family dysfunction (Cohen's d −0.08 (95% CI −0.11, −0.04), I 2 = 66.9, p = 0.001) was small, while father absence (Cohen's d −0.40 (95% CI −0.63, −0.16), I 2 = 98.2, p < 0.001) was between small to medium. When we excluded Alvergne et al. [36] , the effect size of father absence was reduced by nearly half (Cohen's d −0.19 (95% CI −0.27, −0.11), I 2 = 83.2, p < 0.001). We did not observe significant associations in other types of ACEs, or across total ACEs. Except for physical abuse, neglect and low SES, the association between ACEs and early pubertal timing was small but significant, and the pooled effect size was highest for father absence and the least for family dysfunction. We found considerable heterogeneity between estimates for almost all of the outcomes. Heterogeneity between estimates was higher for father absence and lower for sexual abuse, relatively. Meta-regression revealed that the publication years (p = 0.083) and sample size (p = 0.661) in the primary studies did not influence the observed effect sizes.
Subgroup analyses are presented in Table 3 . After subgroup analysis by ACEs measure (questionnaire, interview and combination), pubertal timing measure (age at menarche, number of early menarche, PDS, Tanner stage), original variable type (categorical, continuous and others), as well as study design (cross-sectional and longitudinal), heterogeneity between estimates is still considerable. In the subgroup analysis by pubertal timing measure, the pooled effect size was small but significant in studies measuring pubertal timing by a number of early menarche and Tanner stage.
Pooled effect size of one study measuring pubertal timing by Tanner stage was Cohen's d: −0.27 (95% CI: −0.52, −0.03) [12] . Similarly, in subgroup analysis by original variable type, the pooled effect size for categorical was small but significant. 
Discussion
To our knowledge, this is the first meta-analysis to examine the association between ACEs and early pubertal timing and has extended previous studies by quantifying the effect size for early pubertal timing. Our finding suggests that sexual abuse, father absence, and growing up with challenging family circumstances were significantly associated with early pubertal timing among girls. Using Cohen's categorization, the effect for sexual abuse and family dysfunction is small, while father absence is between small to medium. However, similar associations were not observed in other types of ACEs, or across total ACEs.
Herman-Giddens et al. [67] first reported in 1997 that child sexual abuse increased the risk of girls' pubic hair and breast development before age 8. Subsequent studies have consistently found that sexual abuse was associated with early pubertal timing [16, 42, 43] . Recently, a cohort study of the Avon Longitudinal Study of Parents and Children (ALSPAC) mothers showing that total ACEs was not associated with age at menarche, while childhood sexual abuse was associated with lower age at menarche, which is consistent with our findings [54] . Sexual abuse is often regarded as the most prevalent health problem children face with the most serious array of consequences, while in our study, early pubertal timing may be more affected by father absence instead of sexual abuse.
As early as the 1980s to the 1990s, Draper and Harpending [68] and Belsky et al. [18] began to focus on the association between father absence and reproductive behaviors in adulthood, which has received increased attention over recent years. Majority of these studies have indicated a significant association between father absence and early pubertal timing. A study from a large UK birth cohort (ALSPAC) demonstrated that girls from father-absent homes had earlier menarche than girls from father-present homes [46] . The observed association between father absence and early pubertal timing has also been supported by other articles [20, 23] . Moreover, the earlier that father absence occurs, the earlier girls tend to experience puberty, there is evidence to suggest that exposure to father absence during the first five years of life is more strongly associated with early menarche than father absence later in childhood [24] .
It has been previously argued that the effects of age at menarche may be explained by low SES arising as a result of father absence, for example, decrease in family income, major financial problems [69] . However, in this meta-analysis, we did not find a significant association between low SES and early pubertal timing. When we excluded studies in which pubertal timing measured by Tanner stage or PDS [12, 15, 23, 60] , results suggested that girls living in low SES households may experience delayed onset of menarche (Cohen's d: 0.12, 95% CI: 0.003, 0.25). A longitudinal study on 1091 black and 986 white girls from the three sites in the United States found that high SES was a protective factor for the risk of early menarche among white girls but opposite among black girls [14] . Given the challenges in methodology and definition of SES along with socially heterogeneous of study populations, it is difficult to draw firm conclusions concerning the relationship between low SES and early pubertal timing.
The association between family dysfunction and early pubertal timing was weak, we suspect that family dysfunction may be a proxy variable that represents a range of other family characteristics (including parental divorce, separation, mental illness, and family conflict) and have an effect similar to father absence. However, when we excluded three articles involving parental divorce or separation, the effect size was small but still significant. The effect of total ACEs on adolescent development was not significant. One explanation may be that there are great individual differences in the types, timing, duration, and severity of ACEs. Another explanation is that the association may differ depending on race/ethnicity. As demonstrated in prior research, high SES was a protective factor for the risk of early menarche among white girls but opposite among black girls [14] .
Overall, despite some inconsistencies across specific forms of ACEs with early pubertal timing, these results support that ACEs exposure may affect female reproductive function. Given the association between ACEs and early pubertal timing, clinicians should sensitively enquire about past childhood experiences, and tailor support accordingly, thus resetting their trajectory for lifelong health and reducing the risk of chronic diseases and conditions.
There are also several limitations. Firstly, most of the measurements relied on retrospective self-report which is subject to recall or reporting biases. Secondly, this sample was restricted to females, and these findings cannot be extrapolated to males. In addition, the analysis revealed substantial statistical heterogeneity, which allows for less confidence in the estimated effect sizes, but is not surprising given the methodological and analytic variances in the identified studies. We cannot rule out the effect of interactions of ACEs with other factors (parental early puberty history, physical activity, etc.) in the current meta-analysis because most studies did not adjust for these interactions, or partly adjusted for these factors as possible moderators. The current meta-analysis focused on specific types of ACEs (sexual abuse, physical abuse, neglect, father absence, low SES, and family dysfunction). Nevertheless, adversity is a heterogeneous concept (including types of ACEs not considered here, such as bullying, exposure to war, and natural disasters, etc.). Although most studies measured ACEs at any point in childhood or adolescence, we were unable to obtain sufficient information about the frequency, timing, and duration of ACEs. Additionally, studies without sufficient statistical information for the computation of effects were not included in our analysis. Nevertheless, the thorough search of literature ensures a full coverage of the existing evidence and makes the results more convincing. Moreover, the large sample of the study population derived from the included studies enhances the possibility of effect detection with reasonable statistical power.
These limitations also suggest some directions for future research. Identification of distinct dimensions, duration and sensitive periods of adverse childhood experience that differentially influence pubertal development are required to uncover mechanisms that explain how childhood adversity is associated with female reproductive strategies.
Conclusions
In summary, our analyses indicate that father absence is more strongly related to early pubertal timing among girls, followed by sexual abuse and family dysfunction. Additional research is needed to better understand the mechanisms driving these relationships. Due to the high heterogeneity, a conclusive statement on the effect size of the association between ACEs and early pubertal timing should be made with caution.
